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Abstract

1. Benthic suspension feeders like corals and sponges are important bioengineers

in many marine habitats, from the shallow tropics to the depth of polar oceans.
While they are generally considered opportunistic, little is known about their
actual in situ diet. To tackle this limitation, fatty acid trophic markers (FATMs)
have been employed to gain insights into the composition of their diet. Yet, these
in situ studies have not been combined with physiological investigations to un-
derstand how physiological limitations may modulate the biochemistry of these

organisms.

. Here, we used the cold-water coral (CWC) Desmophyllum dianthus in its natural

habitat in Comau Fjord (Northern Patagonia, Chile) as our model species to assess
the trophic ecology in response to contrasting physico-chemical conditions (vari-
able vs. stable) and ecological drivers (food availability) at three shallow sites and
one deep site. We took advantage of the expression of two distinct phenotypes
with contrasting performance (growth, biomass, respiration) coinciding with the
differences in sampling depth. We analysed the corals' fatty acid composition to
evaluate the utility of FATM profiles to gain dietary insights and assess how per-

formance trade-offs potentially modulate an organism's FATM composition.

. We found that 20:1(n-9) zooplankton markers dominated the deep high-per-

formance phenotype, while 20:5(n-3) and 22:6(n-3) diatom and flagellate mark-
ers, respectively, are more prominent in shallow low-performance phenotype.
Surprisingly, both energy stores and performance were higher in the deep pheno-

type, in spite of measured lower zooplankton availability.

. Essential FA concentrations were conserved across sites, likely reflecting re-

quired levels for coral functioning and survival. While the deep high-performance
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1 | INTRODUCTION

Benthic suspension feeders from shallow tropics to polar deep sea
include the most important bioengineer species in the ocean (Gili
& Coma, 1998; Roberts et al., 2006; Rossi et al., 2017). Particularly,
corals and sponges create complex habitats that are able to sustain
a high biodiversity (Maldonado et al., 2015; Rogers, 1999), includ-
ing many commercially important fish species (Buhl-Mortensen &
Mortensen, 2004; Fossa et al., 2002; Roberts et al., 2006). These
biodiversity hotspots are of considerable ecological and economic
value (Foley et al., 2010) and considered vulnerable marine eco-
systems under pressure that need better protection. This requires
a better understanding of their baseline conditions to project their
fate under future conditions.

While most tropical corals are mixotrophic due to their symbi-
osis with Symbiodiniacea algae in shallow water, the deep-dwell-
ing and higher latitude cold-water corals (CWCs) are exclusively
heterotrophic. The availability of food (both in quantity and qual-
ity), however, affects an organism's physiological performance, like
their metabolic rate and growth, as has been observed in CWCs
(Larsson et al., 2013; Maier et al., 2021; Naumann et al., 2011).
Performance is expected to be affected by altered environmental
parameters (Sweetman et al., 2017), however, it was shown that
higher food availability may fuel resilience to deteriorating environ-
mental conditions and can compensate otherwise limiting conditions
(e.g. Buscher et al., 2017; Georgian et al., 2016; Maier et al., 2016;
Martinez-Alarcén et al., 2019).

Benthic deep-sea communities like CWCs may be tolerant and
resilient to projected future changes in temperature and aragonite
saturation state as long as single abiotic stressors are considered
(e.g. Blscher et al., 2017; Dorey et al., 2020; Hennige et al., 2015;
but see also e.g. Georgian et al.,, 2016; Gori et al., 2016; Maier
et al., 2009). However, combined changes in physico-chemical con-
ditions and food availability (multiple stressors) have been shown to
compromise performance in CWCs (Buscher et al., 2019; Hennige
etal., 2015) and other foundation species (Ingels et al., 2012). Similar
to other benthic suspension-feeding omnivores, CWCs gain their
metabolic energy strictly from heterotrophic feeding on a variety

phenotype met with these requirements, the low-performance phenotype ap-
peared to need more energy to maintain functionality in its highly variable envi-
ronment, potentially causing intrinsic re-allocations of energy and enrichment in
certain essential markers (20:5(n-3), 22:6(n-3)).

5. Our analysis highlights the biological and ecological insights that can be gained
from FATM profiles in CWCs, but also cautions the reliability of FATM as diet
tracers under limiting environmental conditions that may also be applicable to

other marine organisms.

cold-water corals, essential fatty acids, fatty acids trophic markers, health indicators,
physiological requirements, trophic ecology

of food particles ranging from microbes to phyto- and zooplankton
(Duineveld et al., 2004; Hofer et al., 2018; Maier et al., 2019; Mueller
et al., 2014; Rakka et al., 2021), where the zooplankton appears to
provide a key energy source to sustain their metabolic needs (Maier
et al., 2019, 2020, 2021; Naumann et al., 2011). Thus, the relative
availability of food along the in situ plankton size spectrum may be
crucial to determine the coral adaptation capability to future envi-
ronmental conditions. However, still little is known about the feed-
ing ecology of foundation species like CWCs and the role of food on
sustaining in situ fitness as well as physiological performance.

The analysis of energy reserves and especially the lipid/fatty acid
(FA) composition of organisms can give important insights into their
natural diet. Lipids are key components of an organism's biomass
and their fatty acids are promising biochemical markers providing
insights into the nutritional status, ecology and health of organisms
(Dalsgaard et al., 2003; Imbs & Yakovleva, 2012; Kim et al., 2021,
Rocker et al., 2019). In general, lipids provide more metabolic energy
per gram than any other tissue compound like proteins or carbohy-
drates (Bureau et al., 2002) and represent a diverse group of large
biological molecules (Imbs et al., 2019; Joseph, 1979). Dietary lipids
are required by animals for the provision of metabolic energy, gener-
ated as ATP through the oxidative metabolism of fatty acids, and for
the production of polar lipids, that is, phospholipids and sphingolipids,
necessary for the formation of cell membranes. This dual role is re-
flected in the compartmentalization of body lipids into adipose tissue,
composed mainly of wax esters and/or triacylglycerols, and cell mem-
brane lipids composed mainly of polar lipids and cholesterol (Sargent
et al., 1993). Their balance is critical for the organisms as they are in-
volved in the majority of biochemical and physiological processes in
organisms (Russo, 2009; Tocher, 2003) and also linked to their stress
resistance (Imbs & Yakovleva, 2012; Yamashiro et al., 2005).

The analysis of FA and fatty alcohols (FAlcs) composition—so
called fatty acid trophic markers (FATM)—has been widely used
to trace the main food sources in marine organisms (e.g. Budge
et al., 2006; Dalsgaard et al., 2003; Graeve et al., 1997). Similarly,
specific fatty acid ratios (e.g. DHA/EPA, n-3 PUFA/n-6 PUFA)
serve as useful tracers of nutritional conditions (Budge et al., 2006;
Dalsgaard et al., 2003; Graeve et al., 1997). At the same time, many

85UBD| T SUOULOD) B8O B(qeo1jdde au Aq peusenob ke 3 O '8N J0 S8 1o} A1 8UIUO AB]IA UO (SUORIPUOD-PUE-SWSYW0D" A3 | 1M ARe1q 1[Bu1|UO//SANY) SUORIPUOD pue SWiB | 81 88S *[€202/2T/02] U0 AiqITauliuo A8 |IM My Bunyasiosaiss N *N -#ej0d "4 Inisu| BusBem a1y AQ 6271 T SEVZ-GOET/TTTT OT/I0p/L0D A8 | 1M Areiqijouluo'S puINOaq//:SdNY W1y pepeojumoq ‘0 ‘GErZS9ET



WALL ET AL.

polyunsaturated fatty acids (PUFAs) are essential for an organism's
functioning and health and their biosynthetic pathways together
with the organism's ability to modify FATM marker signals should be
considered as this can modify the pure dietary FATM signal (Galloway
& Budge, 2020; Kim et al., 2021; Rocker et al., 2019). Biosynthetic
pathways are clearly described for phyto- and zooplankton and
these pathways underscore their FATM profiles as well as their abil-
ity of trophic upgrading (i.e. the modification of essential dietary
precursor PUFAs like 18:3(n-3) (ALA—alpha linolenic acid) to essen-
tial LC PUFAs like EPA; a schematic biosynthesis pathway is depicted
in Supporting Information Figure S1). De novo synthesis of long-
chain PUFAs, however, is linked to the unique possession of specific
desaturase enzymes (A12, A15 Kabeya et al., 2020). These are key
enzymes in primary producers that synthesize LC PUFA precursors,
but these enzymes are lacking in higher trophic levels, for example,
fishes. Recently, evidences show that intermediate consumers and
invertebrate groups, including tropical corals, do also possess such
enzymes (Kabeya et al., 2018; Monroig & Kabeya, 2018). This needs
to be considered in future FATM studies.

In CWCs, FATM analyses, together with the study of the corals'
isotopic composition, may identify the corals in situ main food sources,
distinguishing between phytoplankton- (Duineveld et al., 2004, 2012;
Kiriakoulakis et al., 2005) and zooplankton-dominated diets (Carlier
et al.,, 2009; Dodds et al., 2009; Kiriakoulakis et al., 2005) at low and
high supply levels (Dodds et al., 2009; Gori et al., 2018). Thus, bio-
markers can provide a powerful tool to identify potential differences
in prey composition. Since corals are considered omnivorous (Carlier
etal., 2009; Duineveld et al., 2004; Hofer et al., 2018), unselective re-
garding their prey and consume what is provided (Hofer et al., 2018),
CWoCs represent an ideal system to infer nutritional condition and tro-
phic ecology from their FATM profiles (Dodds et al., 2009; Duineveld
et al., 2012; Gori et al., 2018; Naumann et al., 2015). However, these
data should be carefully considered since physiological responses to
unfavourable conditions (e.g. like eutrophication in tropical corals
Kim et al., 2021; Rocker et al., 2019) may affect the trophic transfer
or modification of biomarkers and potentially distort the diet signal
(Galloway & Budge, 2020). While first studies with tropical corals ad-
dressed the potential changes in biosynthetic pathways under optimal
and suboptimal conditions and identified putative FA indicators for
coral health (Kim et al., 2021; Rocker et al., 2019), similar investiga-
tions for CWCs are still missing.

Here we investigated the suitability of biomarkers to assess
dietary composition and health status in opportunistic suspen-
sion-feeding CWCs from contrasting habitats, using Desmophyllum
dianthus in its natural Comau Fjord environment as our model spe-
cies. We analysed the FATM profile in D. dianthus individuals sam-
pled along strong environmental gradients (both horizontal and
vertical), and analysed the results against the background of con-
comitant data on coral physiology (and distinct coral phenotypes,
Beck et al., 2022) and zooplankton composition (Garcia-Herrera
et al., 2022). This allowed us to assess the relationship between the
FATM signal and the available diet, as well as possible shifts due
to coral physiology influencing the FATM composition. Ultimately,
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the knowledge of how contrasting phenotypes modulate their lipid
composition provides insights into potentially inherent physiological
constraints on FA biosynthesis pathways in CWCs and other hetero-
trophic organisms, and an important step forward to advance this
line of research in deep-sea foundation species.

2 | MATERIALS AND METHODS
2.1 | Site and collection

The study was conducted in Comau Fjord, Northern Patagonia,
Chile (Figure 1), one of the few places worldwide where CWCs
emerged from the deep and inhabited shallow waters (Hiussermann
et al.,, 2021). Local populations of D. dianthus within this region
are found in very contrasting environments, including both deep
and shallow waters, as well as head and mouth of the fjord (Beck
et al., 2022). To represent the horizontal and vertical environmen-
tal gradients, corals were collected at 20m depth at three sta-
tions (A,E,F) along the main fjord axis, and at two depths (20 and
280-290m) at station (E), midway along the horizontal transect. At
each sampling location, six D. dianthus individuals were collected in
September 2016 (6-22 September) by SCUBA divers (shallow sites)
and an ROV (deep site, Commander 2, Mariscope Ingenieria, Puerto
Montt, Chile; modified with manipulator arms and high-resolution
camera). The collection of deep-water specimens required the ROV
to be equipped with a wire frame and a water-tight bag attached to
scrape the corals from the wall. The detached corals were secured in
the bag, sealed and brought to the surface avoiding sample contact
with the brackish surface layer. We identified two different pheno-
types that differed in physiological performance (growth, biomass
and respiration) coinciding with (but not necessarily causally related

to) differences with sampling depth.

2.2 | Environmental and physiological
background data

The physico-chemical environmental conditions during the sampling
period were characterized along the entire fjord by CTD vertical
profiles ranging from the surface down to the seafloor. These CTD
casts were conducted between 7 and 12 September 2016 at a total
of seven stations in the centre of the Fjord (Figure 1, yellow triangles).
The CTD (SBE 19plus V2 SeaCAT profiler CTD, Sea-Bird Scientific,
USA) was equipped with oxygen (SBE 43 dissolved oxygen, Sea-Bird
Scientific, USA) and pH sensors (SBE 18 pH, Sea-Bird Scientific, USA).

The coral performance (i.e. biomass, respiration and growth) was
assessed subsequently to the coral sampling in a separate year-long
in situ experiment. Corals were collected at the four sites, prepared
for re-installation and re-collected seasonally after 4, 8 and 11 month
to assess their performance. In brief, growth was measured through
the buoyant weight technique (Jokiel et al., 1978) and respiration
through closed-cell incubations of 6-h duration. Furthermore,
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FIGURE 1 Sample sites and physico-chemical conditions in Comau Fjord, Chile. (a) Study area is located in South America (upper panel)
in Fjord Comau in Northern Patagonia, Chile (lower panel). Shallow (20 m) coral sampling sites are denoted with light to dark blue squares
(stations As, Es, Fs), the deep site (280-290m, Ed) is denoted in dark yellow. Oceanographic stations along the fjord are marked with red
triangles. (b) Cross sections of temperature (°C), oxygen saturation (%), salinity and pH from fjord head to mouth and deep to shallow

are provided. Sampling stations (triangles in (a)) are shown by vertical black lines and position of sampling sites is indicated by circles and
triangles. (c) Vertical profiles of temperature, oxygen saturation, salinity and pH at the sampling stations (A,E,F) are shown. Line colours

correspond to the blue colour hues in (a).

separate corals were prepared and collected at the same seasonal
time scales, snap frozen and the corals tissue biomass determined.
The procedure and seasonally resolved responses are presented in
Beck et al. (2022). Here, we provide the average performance over
all seasons to obtain a site-specific representation of coral perfor-
mance and phenotype. In addition, scaled side-view photographs of
freshly collected corals were taken in September 2016 to document
differences in coral appearance between sites.

2.3 | Coral sample processing and FATM analysis

After collection, corals were transported to the Huinay field sta-
tion and maintained in a flow-through aquaria system for 3-14 days,

due to logistical reasons (intense field and laboratory work of
parallel studies as published in Beck et al., 2022; Garcia-Herrera
et al., 2022). Recently analysed changes in the FATM composition
of corals after transplantation to different sites in situ showed that
changes in FATM of distinct phenotypes are rather slow and their
FATM signal did not fully converge after being 3 months at the same
in situ location (K. Beck work in progress). We thus do not expect a
measurable effect after only 3-14 days under laboratory conditions
in natural seawater. We thus do not expect a measurable effect
after only 3-14 days under laboratory conditions in natural seawa-
ter. Corals were then snap frozen in liquid nitrogen and maintained
at -80°C until further processing. In the laboratory corals were
crushed and ground to a relatively fine and homogeneous powder
in a liquid nitrogen cooled stainless steel mortar. Subsequently, the
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total ground material was weighed (ranging 970-8250mg per coral
individual) and subsampled for downstream analyses (i.e. ash free
dry weight (AFDW) determination and fatty acid analysis) as fol-
lows: Approximately 300mg per sample were used to determine
ash free dry weight (~10% of the whole sample) and a minimum of
700mg per sample (700-6600mg, approx. 80% of the whole ani-
mal) for lipid concentration and fatty acid composition analyses. The
remaining material (~10%) was snap frozen and returned to -80°C.
Ash free dry weight was determined by transferring the subsample
to a pre-combusted aluminium weighing pan and dried to constant
dry weight for approx. 24 h in an oven at 60°C. Subsequently, the
sample was weighed and combusted at 450°C for 6 h. Ash free dry
weight was used to normalize the quantitative lipid and fatty acid
composition analyses by extrapolating measurement to the total
crushed coral sample and standardized to the organic fraction of
the samples. Note that processing involved grinding the whole
animal including the endolith-infested skeleton that may contrib-
ute to the phytoplankton signal (more information see Supporting
Information Appendix S1). However, we expect a minor influence
as the coral biomass outweighs the biomass of coral-associated en-
doliths by an order of magnitude (e.g. Schlichter et al., 1995), thus
diluting the signal. More importantly, the translocation of endolith
photosynthates in darkness is an order of magnitude lower than in
light-exposed shallow water tropical corals (Schlichter et al., 1995).
We thus expect the contribution to be insignificant in the dim light
of our study.

The lipid subsample was freeze-dried for approx. 24 h (at -55°C,
1 mbar, Alpha 1-4 LSCbasic, Martin Christ Gefriertrocknungsanalgen
GmbH) and total lipid extracted in dichloromethan:methanol
(DCM:MeOH, 2:1 per volume), modified after Folch et al. (1957), using
dichlormethan instead of chloroform with methanol 2:1. Aqueous
KCl solution was added prior to centrifugation for phase separation.
The extracted total lipid mass was determined gravimetrically and
expressed as normalized to AFDW. As an internal standard, trico-
sanoic acid methyl ester (23:0) was added to each sample (1 pgpL‘1
in n-Hexan). Transesterification of the lipid extracts was performed
with 3% sulphuric acid in methanol for 4h at 80°C under nitrogen
atmosphere. After adding 4 mL of water, the FAMEs were extracted
three times with 2mL n-Hexan, dried with nitrogen and redissolved
for the measurements in n-Hexan. A gas chromatograph with Flame
lonization Detector (HP 6890N, Agilent Technologies, Inc) DB-FFAP
column (Agilent, lenght 30mxinner diameter 0.25mm x film thick-
ness 25um) was used to determine the fatty acid methyl esters and
fatty alcohols (Graeve et al., 1997; Kattner & Fricke, 1986). Individual
fatty acids (FAs) and fatty alcohol compounds (FAlc) were identified
by their retention time and compared to known standards. Unknown
peaks with less than one percentage contribution were excluded
and the remaining chromatograms were evaluated using the Clarity
Chromatography Software (version 8.6) from DataApex. Total lipid
mass per individual was derived by GC-FA/FAlc content from the
measurements. Individual FA and FAlc compounds were calculated
as relative percentage based on the total FA or FAlc concentration
and also normalized to AFDW.

SOCIETY

2.4 | Dataanalyses and statistics

Analyses were performed using R-Studio 1.3.1073 with R version 4.0.2
(R Core Team, 2020; RStudio Team, 2020). Site-specific differences in
both FA and FAlc percentage composition were visualized using heat-
maps with hierarchical clustering of both samples and FA/FAlc (pack-
age ComplexHeatmap, v2.6.2, Gu et al., 2016) and characterized by
ordination analyses based on weighted log-ratio analysis (LRA) using
the package ‘easyCODA’ (Greenacre, 2018). LRAs were performed on
the total FA as well as total FAlc marker sets. Within LRA biplots load-
ing vectors were limited to the major contributing markers following
the procedure described in ‘easyCODA’ (Greenacre, 2018) or Graeve &
Greenacre (2020). Here we also summed markers for bacteria-specific
origin: i15:0, ai15:0, i17:0 and 18:1(n-7) (Boschker & Middelburg, 2002;
Brett et al., 2006; Meziane & Tsuchiya, 2000) to identify their con-
tribution to CWC diet. In addition, the sum of FA and FAlc groups
(SFA—saturated fatty acids/alcohols, MUFA—monounsaturated fatty
acids/alcohols and PUFA) were derived as both relative and absolute
concentration and ratios of putative FA trophic marker (e.g. 18:1(n-
9)/18:1(n-7)), DHA/EPA, sum of long-chain MUFA (e.g. 20:1(n-9), 20:1(n-
7)) and the ratio of photosynthetic ¥(sum of 16:1(n-7) and 18:1(n-7))
versus animal-derived input (sum of 18:1(n-9), 20:1(n-9) and 22:1(n-11))
(Dalsgaard et al., 2003; Graeve et al., 1997; Radice et al., 2019; Sargent
& Whittle, 1981) as well as putative health indicators (e.g. EPA/ARA,
PUFAN3/PUFANé, Kim et al., 2021; Rocker et al., 2019) were calculated
from the FATM signal. One-factorial ANOVA (normal and equal vari-
ance), Welch one-way test (violation of homoscedasticity) or Kruskal-
Wallis (violation of both homoscedasticity and normality) test were
performed on total lipid composition, FA or Falc classes, important
dietary compounds/ratios (i.e. 20:1(n-9), trophic marker ratio: 18:1(n-9)
/ 18:1(n-7)) as well as essential Fas or health markers (e.g. EPA, DPA) to
identify site-specific differences. Pairwise tests were used (with Tukey
or Bonferroni correction) to reveal post hoc differences between indi-
vidual sites. Fatty acid class composition differences among sites were
tested with PERMANOVA in the R package ‘vegan'.

CTD data were plotted using Ocean Data View (Schlitzer, 2021).
In the along-fjord profiles (Figure 1b), the colour scales were adapted
to highlight the structure of the entire water column. Site-specific
profiles were derived from the CTD profiles closest to each station
and depth-related average values obtained from these profiles per
depth stratum (shallow: 20-30m and deep: 280-300m to cover the
maximum diurnal range for the region).

3 | RESULTS
3.1 | Environmental background

The sampling period marks the end of austral winter, characterized
by a strong temperature inversion near the surface due to atmos-
pheric cooling (Figure 1b,c). Winter mixing of the upper water column
was evident in all parameters measured, showing deep mixing (down

to 120m) of oxygen-rich and high pH surface waters in the outer
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two stations, eroding the suboxic and low-pH subsurface (30-80m)
layer below the persisting pycnocline in the inner parts of the fjord,
where mixing remained shallower than 30 m. Below 200 m we found
uniform conditions with only weak vertical or lateral gradients.

Shallow corals thrive at the lower edge of the halocline under
slightly lower salinity (32.49 +0.104 95%-Cl) compared to deep cor-
als (33.15+0.0002 95%-Cl, Supporting Information Figure S2).

3.2 | Coral phenotypes and their relative
biochemical composition

Desmophyllum dianthus expressed two coral phenotypes that dif-
fered visually, metabolically as well as biochemically (Figure 2a-d):
first, a stunted low-performance phenotype with partially retracted
tissue and reduced physiological traits, encompassing all the indi-
viduals from all shallow sites, but no individual from the deep site;
second, a well-developed high-performance phenotype with ex-
tended tissue and enhanced physiological traits, clustering all indi-
viduals from the one deep site and none of the individuals from any
of the shallow sites. As we cannot rule out that the difference in
phenotype is solely related to depth, we use ‘deep’ and ‘shallow’ as
a purely qualitative value (not: explanatory factor). For the shallow
phenotypes, we found a clear performance gradient from the fjord
head towards the mouth (Figure 2b). Biochemically, shallow water
corals from all sites were very similar and had almost equal pro-
portion of SFA, MUFA and PUFA (30.04% +1.22, 29.50% +1.43,
40.33% +1.54 respectively), compared to the significantly differ-
ent distinct deep high-performance coral phenotype with a spe-
cific fatty acid group composition (PERMANOVA df=3, F=112.81,
p<0.001, Figure 2c). Deep high-performance coral fatty acids
were dominated by MUFA (60.75% +1.62) with lower but equal
parts of PUFA and SFA (18.81% +0.99, 20.44% + 0.71 respectively).
Deep corals were characterized by a significantly higher total lipid
content (fourfold increase, Welch's t-test, df =3, F=4.09, p=0.038)
and content of fatty alcohols (one-way ANOVA, df=3, F=103.95,
p<0.001, 33.8%+4.0 compared to 10%+2.8 across all shallow
sites, Figure 2c,d).

3.3 | Fatty acid trophic marker composition

Atotal of 44 FA and 8 FAlc markers were determined with very charac-
teristic and different compositions between the two phenotypes. The
main FAs differentiating among phenotypes in the LRAs were in the
first dimension (dim 1), which explained 79.1% of the observed vari-
ance and in particular involved the FAs 20:1(n-9) and 22:1(n-11), as well
as essential FAs like 20:5(n-3) and 22:5(n-3) (Figure 3a). Thus, the clear
distinction between phenotypes was also mirrored in the FA and FAlc
composition (Supporting Information Figure S3 and Table S1) indicat-
ing pronounced dietary differences that support the two phenotypes.

The trophic marker ratio (18:1(n-9): 18:1(n-7)>3, (Graeve
& Greenacre, 2020, Figure 4a) was slightly higher in the

high-performance coral phenotype, indicating a higher trophic
level, that is, a more carnivorous diet (although only significant
between Ed and As, pairwise comparison, p=0.013). This agrees
with significantly elevated long-chain monounsaturated fatty acids
(df=3, F=1489, p<0.001, LC MUFA, Figure 4b) and significantly
lower contribution of phytoplankton-derived markers compared
to animal-derived markers (df=3, F=159.9, p<0.001, Figure 4c).
Phytoplankton markers, by contrast, were higher in the shallow
low-performance phenotype (e.g. 20:5(n-3) and 22:6(n-3) with
14%-12% and 4.5%-3.8% in shallow low-performance compared to
7% and 2.5% in deep high-performance phenotypes respectively;
Figure 3, Supporting Information Figure S3), indicating a more
herbivorous diet. The shallow corals' FATM profiles (Figure 3a)
showed a stronger contribution of diatom markers (20:5(n-3), EPA)
compared to dinoflagellates markers (22:6(n-3), DHA) across sites
(Figures 3a and 4b). However, EPA and DHA were also major com-
pounds of the membranes and other algal markers were less dis-
tinct (e.g. 16:1(n-7) or 18:4(n-3) with 4.12+0.84 and 0.87+0.25 in
shallow low-performance compared to 6.53+0.61 and 0.57 +0.09
in deep high-performance phenotypes respectively). In addition,
the contribution of bacterial markers to the individuals' biochemi-
cal composition was higher in shallow corals (marginally significant,
df=3, F=2.798, p=0.067), but in general had a negligible overall
contribution to the trophic structure.

3.4 | Absolute fatty acid composition, essential
fatty acids and potential mobilization and
modification of fatty acids

The higher lipid content but lower proportion of PUFA and SFA
in deep corals resulted in very similar total PUFA (one-way
ANOVA df=3, F=1.621, p=0.216, 4.38-7.60mgg AFDW™?) and
SFA concentrations (Welch's t-test, df=3, F=2.468, p=0.119,
3.56-8.24mgg AFDW™) across all sites. In contrast, the MUFA
content differed significantly with an almost sevenfold change be-
tween deep and shallow sites (Kruskal Wallis test, df = 3,)(2: 12.96,
p=0.005, 3.57+0.95 vs. 24.16 + 11.43mgg AFDW™, Figure 5a-c)
dominated by increases in 20:1 and 22:1 fatty acids in deep corals
(Figure 3a). Similar clear differences were found in the wax ester
content (Kruskal Wallis test, df=3, y2=12.98, p=0.005) as well as
the storage-to-structural-compound ratio (SFA+MUFA vs. PUFA)
that is 2.9-fold enriched in deep corals (one-way ANOVA, F=221.6,
p<0.001, Figure 5d,e).

Fatty acid analysis indicated that SFA markers like palmitic
acid (PA, 16:0) and stearic acid (SA, 18:0) together with oleic acid
(OleA 18:1(n-9)) were enriched in absolute concentration in deep
high-performance corals, though not all markers differed signifi-
cantly between phenotypes (Figure 6, PA: Kruskal Wallis test
p=0.057, 4*>=7.533, SA: one-way ANOVA p=0.090, F=2.488,
OleA: p=0.001, F=7.867). Oleic acid forms one important sub-
strate for n-3 and n-6 PUFA synthesis pathways and their inter-
mediates linoleic acid (LA, 18:2(n-6)) as well as alpha linoleic acid
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FIGURE 2 Coral phenotype of Desmophyllum dianthus and lipid composition across sites in Comau Fjord, Chile. (a) Coral phenotypes

at the shallow sites (first three columns; sites are depicted by dark blue, blue and light blue colour bars) and the deep site (dark yellow
horizontal bar). (b) Coral physiological performance traits across sites in terms of growth, respiration and biomass are provided and assessed
during September 2016 to August 2017 (Beck et al., 2022). (c) Coral fatty acid trophic marker (FATM) composition is depicted in terms of
fatty acids and fatty alcohols (upper and lower panel respectively; circle diameters reflect percentage of fatty acids and fatty alcohols of
total lipids at the given sites) and pie charts further indicate their specific composition (SFAs—saturated fatty acid/alcohols (grey), MUFAs—
monounsaturated fatty acids/alcohols (orange) and PUFAs—polyunsaturated fatty acids (violet)). (d) The corals' total lipid content across
sites. Shallow sites are indicated by As, Es, Fs (coloured in dark blue, blue and light blue respectively) and the deep site by Ed (coloured in
dark yellow). Data are mean+95% confidence intervals.
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FIGURE 3 Log-ratio analysis (LRA) of the relative fatty acid trophic marker composition of Desmophyllum dianthus. Biplot of LRA of 44
fatty acids (FAs, in (a)) and eight fatty alcohols (Falc, in (b)) in specimens (circles) from four different sites. The LRA dimensions 1 and 2 are
differentiated by depth and by within shallow variance respectively. Only markers (FA, Falc) that contribute highly to the separation of the

samples are shown in red.
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FIGURE 4 Fatty acid trophic marker ratios of Desmophyllum dianthus. Ratio of specific markers across sites provide insights into (a)
trophic position 18:1(n-9)/18:1(n-7), (b) herbivore copepod content through sum of long-chain monounsaturated fatty acids (LC MUFA), (c)
ratio of phytoplankton versus zooplankton input and trophic network composition (b) DHA/EPA (DHA: docosahexaenoic acid 22:6(n-3),
EPA: eicosapentaenoic acid 20:5(n-3)). Data are mean +95% confidence intervals. Shallow sites in Comau Fjord (Chile) are indicated by As,
Es, Fs and coloured in dark blue, blue and light blue, respectively and the deep site is indicated by Ed and coloured in dark yellow. Significant

differences are denoted by *(p <0.05), **(p<0.01).
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FIGURE 5 Coral fatty acid group concentrations and energy reserves of Desmophyllum dianthus. (a-d) Absolute fatty acid group
concentrations (SFA—saturated fatty acid, MUFA—monounsaturated fatty acids and PUFA—polyunsaturated fatty acids) and wax ester
content across sites. (e) Fatty acid class ratios reflect the storage capacity ((SFA+MUFA)/PUFA) and are depicted across sites. Shallow sites
in Comau Fjord (Chile) are indicated by As, Es, Fs and coloured in dark blue, blue and light blue, respectively and the deep site is indicated by
Ed and coloured in dark yellow. Data are mean + 95% confidence intervals.

(ALA, 18:3(n-3)) were slightly reduced in shallow corals (p=0.002,
F=6.932 and p:O.Oéé,x2:7.193 respectively). While most PUFAs
were elevated in deep high-performance phenotypes, some essen-
tial PUFAs were remarkably similar across deep and shallow pheno-
types (arachidonic acid ARA, 20:4(n-6), p=0.29, F=1.338, adrenic

acid AdA 22:4(n-6), p=0.115, x>=5.927, EPA 20:5(n-3), p=0.453,
F=0.912, docosapentaenoic acid DPA 22:5(n-3), p=0.879,
F=0.224, Figure 6). Putative health indicators (e.g. EPA/ARA,
PUFA(n-3)/PUFA(n-6)) were also very similar in both coral pheno-
types (Supporting Information Figure S4).
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FIGURE 6 Fatty acid concentration through potential biosynthetic pathways of Desmophyllum dianthus. Schematic fatty acid synthesis
pathways are provided in the Supplementary Material (Figure S1) and some saturated, monounsaturated and in particular polyunsaturated
fatty acids are provided for the different sites (As, Es, Fs and Ed). Shallow sites in Comau Fjord (Chile) are indicated by As, Es, Fs and
coloured in dark blue, blue and light blue, respectively and the deep site is indicated by Ed and coloured in dark yellow. For the fatty acids
acronyms are used: OleA, oleic acid; SA, stearic acid; PA, palmitic acid; LA, linoleic acid; GLA, gamma-linoleic acid; DGLA, dihomo-gamma-
linoleic acid; ARA, arachidonic acid; AdA, adrenic acid; ALA, alpha linoleic acid; SDA, stearidonic acid; EPA, eicosapentaenoic acid; DPA,
docosapentaenoic acid; DHA, docosahexaenoic acid. Significant differences are denoted by *(p <0.05), **(p <0.01). Data are mean +95%

confidence intervals.

4 | DISCUSSION

Fatty acid trophic markers in D. dianthus clearly distinguish between a
deep lipid-rich phenotype and a leaner low-performance phenotype
in shallow waters, despite expectedly more challenging conditions
like year-round aragonite undersaturation and lower temperature
in deep waters (Fillinger & Richter, 2013; Jantzen et al., 2013). Our
findings suggest that food is sufficient for the build-up of energy re-
serves (e.g. wax esters) in deep corals, which is in line with the higher
physiological performance and the better health of this coral phe-
notype (Beck et al., 2022). Potentially, this may be linked to a more
carnivorous diet. Shallow water CWCs do not possess the ability to
accumulate much energy reserves, underpinning their lower physi-
ological performance (Beck et al., 2022) and potentially subsisting
on a more photosynthetically based (phytoplankton) diet. This is in
conflict, however, with higher zooplankton abundance and biomass
in shallow waters of Comau Fjord (Garcia-Herrera et al., 2022). To
resolve this paradox, we link coral performance with FATM data and
provide hypotheses explaining the contradictory observations in the
context of physico-chemical parameters and resource availability.

4.1 | Trophic network inferences

Overall, the rich biochemical composition of D. dianthus sup-
ports their omnivore feeding behaviour (Gori et al., 2018; Hofer

et al., 2018) similar to other deep-sea corals (Orejas et al., 2001;
Rakka et al., 2021). It also clearly indicates differences in prey com-
munity between phenotypes from deep and shallow sites, but not
along the head-mouth axis of the fjord (Supporting Information
Figure S3). As observed for other CWC species (Gori et al., 2018;
Naumann et al., 2015; van Oevelen et al., 2018), bacterial mark-
ers appear negligible in the fatty acids profile of D. dianthus,
however, their contribution to the coral's diet is negligible with a
slightly larger relative contribution in shallow waters (Supporting
Information Figure S3). Phytoplankton and phytodetritus may
serve as potential food sources for deep-sea corals (Maier
etal., 2019, 2020; Orejas et al., 2001, 2016) and could thus directly
account for these specific markers. Phytoplankton inputs are visi-
ble through a higher proportion of algal-related markers (EPA, DHA
and slightly for 18:4(n-3)), especially in shallow corals (Figure 3a,
Supporting Information Figure S3, Dalsgaard et al., 2003; Harwood
& Russell, 1984) and the ratio DHA/EPA indicates a diatom pre-
vailed over dinoflagellate signal (Auel et al., 2002; Falk-Petersen
et al., 1987; Radice et al., 2019; Scott et al., 2002) across sites
(Figure 3a). This also coincides with a predominant pattern of
diatom-zooplankton succession rather than dinoflagellate-zoo-
plankton in the plankton communities of Chilean fjords (Gonzélez
et al., 2010; Montero et al., 2017) as reflected in the corals FATM
ratio DHA/EPA signal. However, we also need to consider the im-
portance of EPA and DHA as major membrane constituents that
will be discussed in more detail below.
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Other FATMs, like 14:0, 16:0 (FAs and FAlcs), are also major
structural elements in copepods (Boissonnot et al., 2019; Hagen &
Auel, 2001) and together with EPA also indicate herbivore cope-
pods. Between depths, however, they differ in relative abundance
(Figure 3a,b and Supporting Information Figure S3). The 16:0 fatty
alcohol in particular is dominant in shallow corals (Figure 3b) and
such short-chained fatty alcohols (similar to FAlc 14:0) are found
to be more prevalent in younger copepods and non-calanoids
species (e.g. cyclopoid copepods, Kattner et al.,, 2003; Lischka &
Hagen, 2007; Sargent & Falk-Petersen, 1988). The high abundance
of small calanoid copepods (e.g. Paracalanus, Clausocalanus) and cy-
clopoid copepods in shallow waters of Comau Fjord (Garcia-Herrera
et al., 2022) may have accounted for the FATM signal in the shallow
corals. Compared to the biomarkers 20:1 and 22:1 (both the FA and
FAlc) that are enriched in the tissue of deep corals and their sum
used as copepod feeding index (Radice et al., 2019). However, they
are mainly synthesized de novo by calanoid copepods (Dalsgaard
et al., 2003; Sargent & Whittle, 1981), in particular by the family
Calanidae (Hagen & Auel, 2001). Despite key calanoid copepods per-
form diel vertical migration patterns, Calanidae are more prevalent
in deeper sites while Metridinidae occur rather at shallower water
layers with limited migration depth (100-200m, Garcia-Herrera
et al., 2022). The low concentration of LC MUFA in shallow corals,
may result from these two different dominating families. It has been
shown that they have distinct FATM signals in other regions with
Calanus spp. accumulating 20:1(n-9) and 22:1(n-11) FA and FAlc as
major end products compared to Metridia spp. with 14:0 and 16:0
FAlc as well as 16:1(n-7) and 18:1(n-9) FA as major end products
(Hagen & Auel, 2001). This suggests that even though both groups of
zooplankton migrate across several water layers (though at different
extent), the family Calanidae dominates the deep corals' diet while
contributing less to the shallow corals' nutrition.

The trophic marker ratio 18:1(n-9)/18:1(n-7) (Graeve et al., 1997;
Legezynska et al., 2012) indicates a generally high trophic level in
the consumed zooplankton with a higher contribution of carnivo-
rous zooplankton to the diet of the deep high-performance coral
phenotype (Figure 4). Thus, algal markers may have resulted from a
consumption of herbivorous zooplankton, not by direct phytoplank-
ton uptake and the abundant Calanidae signal of deep corals may not
necessarily derive from direct consumption. Biomarkers also accu-
mulate at the higher trophic level (Dalsgaard et al., 2003) and it is
thus possible that they actually prey on larger zooplankton species
that feed on calanoid copepods (Kobari et al., 2021). For instance,
mysids as well as Euchaetidae are abundant in the deep fjord region
and can represent an important food source for deep corals (Garcia-
Herrera et al., 2022). Euchaetidae are large carnivorous copepods
consuming calanoid copepods (Yen, 1985), which could be partly
responsible for the calanoid signal. Mysids are in general omnivores
(Grossnickle, 1982; Siegfried & Kopache, 1980), while adults may
become more carnivorous (Fulton, 1982) and potentially also prey
on calanoid copepods (Crescenti, 1997; Diaz-Astudillo et al., 2017).

Overall, the corals' FATM signals can be linked to available zoo-
plankton data and support the dominance of certain zooplankton

groups (e.g. Calanidae vs. Metridinidae, Garcia-Herrera et al., 2022)
but we can only speculate whether some markers derive from direct
consumption or through accumulation along the food chain. So far,
we compared the relative FATM signal without considering absolute
values, the clear differences in the corals' energetic status and the
differences in coral performance and health status observed across
sites. It is also possible that FATM profiles are differently modulated
by the organisms in concert with the ecological settings and this may

further distort the trophic network signal.

4.2 | Energy availability in the Fjord

Energy availability is an important driver for an organisms' perfor-
mance and in Comau Fjord, the zooplankton biomass and abundance
varies across depths with largest abundances and biomasses in the
upper 50m of the water column (Garcia-Herrera et al., 2022). Thus,
shallow water corals should thrive in a land of plenty compared
to deep-water corals. Yet this is neither reflected in the directly
measured coral traits (Beck et al., 2022, data summarized here in
Figure 2), nor in the biochemical signature of the corals. Deep corals
have first and foremost approximately fourfold higher lipid content
in addition to an elevated ratio of energy storage (SFA+MUFA) to
structural (PUFA) FAs as well as 3.4-fold higher wax ester content.
Both highlight a thicker coral tissue with high energy storage capac-
ity reflected by the wax ester content in deep corals and provide
clear indicators for improved performance. This clearly outlines that
measuring the one without the other can result in contrasting con-
clusions and it is essential to consider the ecological context. There
are a number of potential explanations for this food paradox that are
not mutually exclusive. It may be possible that (a) shallow organisms
grow in denser banks along with a rich community of other suspen-
sion and filter feeders, hence experiencing greater competition due
to interdependence of competition for space and food (Buss, 1979),
(b) exposure to other environmental stressors that have not been
evaluated inflict an energetic burden on shallow corals, (c) major dif-
ferences in plankton biomass and composition exist between the
central water column and the plankton close to the steep walls that
host the benthic communities (e.g. wall effects) and/or (d) plankton
communities represent different food qualities at different locations.

In Chilean fjords, CWCs emerged from the deep and this may be
associated with D. dianthus' strong phenotypic plasticity and abil-
ity to acclimate to very contrasting conditions (Beck et al., 2022;
Hiussermann et al., 2021). Recent studies suggest that D. dian-
thus in the shallow environments experiences stronger environ-
mental variability and conditions potentially more stressful for
corals (Beck et al., 2022). Together with pressures from infesta-
tions of their skeleton by microscopic endolithic photo-autotrophs
(Forsterra et al., 2005; Forsterra & Haussermann, 2008; Hassenriick
et al., 2013) and other epi- and endolithic organisms (Forsterra
et al., 2005), the emerged corals may therefore be closer to their
physiological limits. Ecological factors may add to this, such as com-
petition. Coral banks in the regions are dominated by D. dianthus and
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they can be associated with other suspension or filter feeders across
depths, for example, brachiopod banks occur from shallow to deep,
Acesta patagonica co-occurs with D. dianthus below 60m (Fillinger
& Richter, 2013; Haussermann et al., 2013), whereas mussel and
barnacle banks are restricted to the intertidal (Betti et al., 2017;
H&aussermann & Foérsterra, 2009). The shallow waters, however, can
be particularly diverse (Forsterra et al., 2017) and CWCs co-occur
with a myriad of both sessile and mobile species that decrease with
depth (Forsterra et al., 2005). This probably leads to competition for
food and more intense depletion of the plankton community in shal-
low waters, which may likely be reflected in the low-performance
coral phenotype.

Additionally, the strong environmental variability in shal-
low waters, in particular registered salinity fluctuations (Beck
et al., 2022), may affect the plankton composition. For instance,
some zooplankton groups are known for their higher salinity
tolerance (e.g. Cyclopoida; with known FATM characteristics
such as high 16:0 and 14:0 FAlc, 16:0 FA visible in shallow cor-
als, Lischka & Hagen, 2007), whereas others are more sensitive
(Magouz et al., 2021). This may also affect the zooplankton abun-
dance (Laprise & Dodson, 1994; Wells et al., 2021), potentially
restricting certain zooplankton groups to deeper waters, which
lead to more fine-scale distributions and contribute to benthic
patchiness. As the available plankton data derive from integrated
plankton tows across the upper 50 m of the water column (Garcia-
Herrera et al., 2022), they are too coarse to elucidate small-scale
patterns and can only serve as first approximations of the shallow
zooplankton community.

Zooplankton abundance and biomass diminishes with increas-
ing depth and shallow corals may have a 10-fold higher individual
capture rate compared to deeper ones. However, the biomass per
prey item increases with depth and may result in a twofold higher
prey biomass capture rate (Garcia-Herrera et al., 2022). However,
this does not consider prey handling time (small prey vs. few large
ones, Sebens, 1982), nor does it include differences in food qual-
ity (Dessier et al., 2018; Schaafsma et al., 2018). Certain copepod
taxa are rich in energy reserves like wax esters (Dessier et al., 2018;
Hagen & Auel, 2001; Schaafsma et al., 2018) causing some cope-
pod genera to have % lower energy content compared to others
(e.g. Calanus hegolandicus vs. Metridia sp. Or Temora longicornis;
Dessier et al., 2018). Thus, it may be possible that different calanoid
copepod species dominating the deep and shallow corals diet (e.g.
Metridinidae vs. Calanidae, Garcia-Herrera et al., 2022) have poten-
tially very different energy content. While the FATM signal may not
be affected, it has consequences for the overall coral fitness and can
contribute to the distinct performance observed at different depths.

Sampling bias may also account for some inconsistencies and
limit a more precise interpretation of the FATM signal. For instance,
plankton tows were performed in the centre of the fjord but the zoo-
plankton community may likely be different closer to the steep fjord
walls (Greene et al., 1988; Hirche et al., 2016). Additionally, larger
zooplankton and micronekton are mobile and capable of avoiding
the nets (Brinton, 1962), but represent import prey items. Euphausia
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vallentini (krill) is common in Comau Fjord (Sanchez et al., 2011) and
D. dianthus is able to efficiently consume it (Hofer et al., 2018), how-
ever, it cannot be properly caught by vertical plankton tows (few
young stages & one adult individual; Garcia-Herrera et al., 2022).
Similarly, euphausiids employ a number of unique adaptations to en-
trapped life in fjords and for instance, take advantage of demersal
habitats where they exploit a rich and alternative food source com-
pared to their open ocean counterparts (Hamame & Antezana, 2010).
Potentially, euphausiids play a critical role in the northern Chilean
fjords (Maier et al., 2021), representing an energy-rich diet for deep
corals in Comau Fjord (Maier et al., 2021) together with Euchaetidae
and mysids (Garcia-Herrera et al., 2022). Certain Euphausiids can also
accumulate wax esters as well as a calanoid signal (like 20:1(n-9) FAIc;
Falk-Petersen et al., 2000; Hagen & Auel, 2001). Thus, a revised in-
terpretation of the deep corals' Calanidae FATM signal (20:1(n-9) and
22:1(n-11) FA and FAlc) is possible and potentially krill can addition-
ally account for such a signal in deeper sites.

All these mentioned aspects can contribute to the apparent re-
source limitation and stronger differences in energy availability than
originally expected between deep and shallow waters of Comau
Fjord. Sampling biases of the available food source, in particular un-
derrepresentation of larger zooplankton groups, can have a direct
effect on the interpretation of the FATM signals. Additionally, re-
source limitation can also result in a modification of fatty acids and
a distortion of the FATM signal. In the latter case, the FATM signal
may rather be driven by organisms' metabolic needs than their diet.
Subsequently, we discuss what we can learn from the physiological
background data in terms of energy allocation and finally discuss in-
sights gained from the FATM signal regarding an organisms' poten-
tial of active fatty acid modifications.

4.3 | Energy turn-over and performance

Physiological background data support higher net energy avail-
able for deep corals, yet they also reveal energetic trade-offs.
Energy is channelled into 2.3-fold higher calcification, 5.0-fold
higher tissue biomass and 3.4-fold higher energy reserves (e.g.
wax esters) in the deep phenotypes, compared to the low-per-
formance shallow phenotype. Energy reserves prevailed through
winter in spite of two- to threefold lower zooplankton availabil-
ity during the cold season (Garcia-Herrera et al., 2022), typical
also for other CWC regions (Gaard, 1999; Gonzalez et al., 2010;
Wiborg, 1954). The prevalence is even more remarkable con-
sidering the reproduction of D. dianthus which, in spite of being
energetically costly (Calow, 1979), peaks during austral winter
(Feehan et al., 2019). Population genetic analyses indicate a mixed
population from shallow to deep sites in Comau Fjord, possibly a
source/sink separation and suggest that the deep corals poten-
tially serve as an important source of coral recruits for shallow
populations (Addamo et al., 2021). This represents a likely sce-
nario based on our data. Yet it is also plausible that the reduced
energy reserves derive from a similar or even higher investment
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into reproduction that deplete these reserves in shallow water
populations. This may have led to a drop in energy content fol-
lowing the corals' main period of gamete release as has been
shown for Desmophyllum pertusum (Maier et al., 2020, formerly
Lophelia pertusa). Physiological trade-offs and shifts in energy al-
location are prevalent in an organism's life history and are strate-
gic processes underpinning the success and fitness of organisms,
especially under resource limitations (English & Bonsall, 2019;
Leuzinger et al.,, 2012). Under severe limitations there are two
possible strategies: (a) invest in reproduction at the risk of death
or (b) invest into somatic growth to endure periods of scarcity
(Fischer et al., 2009; Stearns, 1989). In a tropical coral (Montipora
digitata), resource limitations led to a substantial reduction in
somatic growth while calcification and reproduction was main-
tained and energy transfer increased. However, under severe re-
source scarcity, reproduction was halted but growth maintained
to some extent in the same study (Leuzinger et al., 2012). Applied
to our study, this could mean that somatic growth (in terms of
reduced biomass: Figure 2b, or in some corals with lower tissue
cover: Beck et al., 2022) is sacrificed to maintain calcification and
reproduction. While we do see such higher energy transfer into
growth, investment into reproduction requires further investiga-
tion. However, such physiological trade-offs likely require the
mobilization of energy reserves and may contribute to the distor-

tion of the FATM profiles, which must be taken into account.

4.4 | Fatty acid indicators of organism health
status and functionality

Despite clear differences in total lipids as well as energy storage ca-
pacity (Figures 2 and 5e), the similar total PUFA concentration among
sites and depths is striking (Figure 5c). It may represent the corals'
dependencies on specific concentrations of essential fatty acids for
their general metabolic regulation and suggests the need to main-
tain them across sites regardless of the environmental conditions.
Polyunsaturated FA are key molecules for metabolic regulation and
support structural integrity, membrane functioning and immune
system competency (Kim et al., 2021; Russo, 2009; Tocher, 2003).
Invertebrates have been found to metabolize SFA and MUFA under
stressful conditions, while preserving PUFA as long as possible (Mezek
et al., 2010; Schlechtriem et al., 2008). Here we also find very low
MUFA content in shallow corals but similar PUFA content, in line with
the lower performance in shallow water and likely limiting conditions
in shallow water. Thus, the low-performance corals need to mobilize
fatty acids like MUFAs to fuel their metabolism. Marked differences in
absolute lipid concentration can, thus, result in an over-representation
of these essential lipids in the relative FATM profiles (e.g. algal markers
like EPA, ARA in shallow corals, Figure 3c). In turn, it may potentially
also result in a lack of certain markers (e.g. LC MUFAs like Calanidae
markers 20:1(n-9)) that were readily metabolized to fuel the organ-
isms' metabolic demands. This clearly shows the duality of some FA
markers, that is, the dietary origin and the modification through their

catabolism (fatty acid integration ‘black box’, Galloway & Budge, 2020;
Helenius et al., 2020; Kabeya et al., 2020).

Underlying drivers for such modified levels may be selective reten-
tion of essential FAs (Yasuda et al., 2021), trophic upgrading (Helenius
et al., 2020) or de novo synthesis by the coral (Kabeya et al., 2018).
The significantly lower linoleic acid (LA, 18:2(n-6)) and reduced ALA
(18:3(n-3)) concentration may indicate their trophic upgrading into LC
PUFAs (Figure 5), but it may also be possible that D. dianthus is capable
of de novo synthesis following all PUFA biosynthesis steps (Figure 6)
through the activity of methyl-end desaturation (A12, A15) enzymes
(Kabeya et al., 2018). For example, Desmophyllum pertusum a sibling
species is able to synthesize essential fatty acids de novo including
PUFA(n-3) (EPA and DHA) (Mueller et al., 2014). Similar observations
exist for tropical corals, where the two essential PUFAs (LA and ALA)
were identified (Kabeya et al., 2018). Yet, the energetic costs and the
potential rate of modification (that may still be limited in animals) of
this de novo synthesis need to be evaluated. Besides, a capability
does not necessarily indicate its activity and chronic stress, for ex-
ample, eutrophication, has been shown to actually limit the ability for
lipid synthesis in tropical corals (Kim et al., 2021).

Notably, fatty acid modifications can be linked to organism
performance and in tropical corals, PUFA ratios (e.g. DHA:EPA,
EPA:ARA) were employed as indicators for water quality as well as
putative coral health status (Kim et al., 2021; Rocker et al., 2019). In
this study, these putative health indicators did not differ markedly
(e.g. n-3:n-6 PUFA, EPA:ARA) despite clear performance differences,
which potentially suggests strong modification in low-performance
corals to reach similar levels as in high-performance corals. Thus, we
would expect that the FATM profile of the fit deep coral phenotype
more closely resembles their diet, while the limiting conditions in
shallow waters warrant further investigation of the corals' fatty acid
metabolism and thus potentially stronger modification of their FATM
profile, especially following winter. This also adds caution to the in-
terpretation of the FATM profiles from other CWC species, in partic-
ular from areas with distinct and low background productivity (first
insights and comparisons are provided in the Supporting Information
Appendix S1). Analogous to studies in tropical corals (Kim et al., 2021;
Rocker et al., 2019)-specific PUFA ratios may rather be used as puta-
tive health indicators in CWCs with the ability to differentiate opti-
mal versus suboptimal environmental conditions, but this will require
more detailed experimental studies to support such application in D.
dianthus as well as other benthic suspension feeders.

5 | CONCLUSIONS

In the past, FA profiles in CWCs and other benthic suspension
feeders helped to gain insight into their trophic ecology and the
ecological setting they flourish in. This led to the identification of
contrasting productivity areas. Yet, no previous study has combined
in situ sampling with physiological investigations to understand
how physiological limitations due to differences in food availability
modulate the biochemistry in CWCs. Here, FATMs provide insights
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into the corals' potential in situ food sources, but we also empha-
size the need for a more holistic view and better integration of
physiological (metabolic rates, performance, fitness) and ecological
information (e.g. food availability and sources, potential stressors)
with FATM analysis. While FATM and lipid content analyses gained
a whole new perspective on coral performance in Comau Fjord,
it also revealed numerous open questions that warrant further in-
vestigations. In this respect, the Comau Fjord represents an ideal
natural laboratory that allows the design of experiments able to
trace lipid metabolism and energy allocation pathways in benthic
suspension feeders that can help to identify more refined health
markers. Such biomarkers are key to assess the health status of
organisms inhabiting more remote and deep-sea environments.
This will further provide a more precise understanding of benthic
foundation species, like CWCs, and their ability to cope with future
changing conditions in particular under contrasting and changing
productivity regimes.
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